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I. SUMMARY

The Transfer Function Model (TFM) is an extensive computer program

which is capable of computing the downstream parameters of a jet engine

exhaust plume for generalized initial conditions, duct system geometry, and

liquid and/or gas dilution.

',For example, the TFM can be used to predict the opacity of a plume at

any distance from the engine exhaust plane, or the change in opacity as the

engine load is changed.

-More specifically, the following parameters of the exhaust plume can

be calculated by the TFM at any arbitrary point downstream from the jet

exhaust plane:

Af6 Particulate size distribution,

' .()Gas temperature,

C.3)Gas density (and water vapor density),

614)Gas velocity

E.(5)Droplet size distribution (if condensation has occurred or if

water has been injected))

F , Light scattered and absorbed by each of the various sized par-

ticul ates>

8f?)Total plume opacity, _ .

The TFM can be used to determine the effects of changing any one of

several control parameters. Some of the parameters which can be modified

are:

At the exhaust plane:

A. Gas velocity (subsonic or supersonic)

B. Particulate size distribution

C. Mass flow rate

--
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D. Gas temperature

E. Water vapor density

Within the test cell:

A. Injected air (or steam)

B. Injected liquid water

C. Variable test-cell cross section

The cost of running the TFM for a given situation is generally less

than $100.00. Thus, the TFM should prove to be a very cost-effective tool

for predicting jet test cell exhaust plume characteristics.

II. INTRODUCTION AND BACKGROUND

The U.S. Navy has a need to predict the opacity of jet engine test

cell emissions and the parameters which affect the test cell exhaust opacity.

Because of the difficulty and cost in measuring the particulate size

and opacity of jet engine emission plumes, a computer code has been devel-

- oped which predicts the opacity. The code incorporates the basic laws of

-. thermodynamics, hydrodynamics, and aerosol behavior, together with the laws

which govern light scattering and absorption, to describe both the condi-

tions inside the "smoke" as it moves away from the engine and the opacity of

the plume itself.

Since the computer code describes the exhaust gas aerosol from the

exhaust phase of the jet engine until the aerosol is transferred into the

atmosphere, the code is called a Transfer Function Model (TFM).

In order to make the TFM as general as possible, allowance has been

made for the injection of steam, air, other gases, or liquid water at arbi-

trary points downstream from the gas. This capability makes possible the

study of the effect of such injections on the opacity of the plume as it

rises into the atmosphere.
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The original computer code upon which the TFM is based was a code used

- to simulate various pollution control devices. This aspect of the TFM would

make it a valuable asset if, in the future, the Navy wanted to evaluate pro-

posed test cell emissions control methods. The TFM could be used to simu-

late each of the proposed methods to determine energy costs, particulate

removal efficiency, resultant plume opacity, etc.

Later sections of this report describe in detail the equations upon

which the TFM is based and the computational techniques which are used. In

short, the TFM follows a representative parcel of "smoke" from the time it

leaves the jet engine exhaust until it rises into the atmosphere. As the

TFM "steps" the parcel along, it calculates the changes in the intrinsic

parameters (pressure, temperature, etc.) of the gas and the changes in the

size distribution and number density of the aerosol particulates. If water

has been injected, the TFM calculates (at each step) the amount of water

which evaporates and the size distribution and number density of water drop-

V lets.

The second part of thle TFM then uses the aerosol particulate and water

droplet size distributions and number density to calculate the opacity of

the plume. The second part of the TFM is based on the generalized scatter-

ing equations for electromagnetic radiation.

: developing the TFM, care was taken to make it as general as pos-

sible w~thout increasing the computer time unnecessarily. The result is a

model which can be easily modified or expanded as required.

-he TFM should provide a very valuable, cost-effective tool for use in

determirn'g jet engine test facility emissions.

3
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Il. THEORETICAL BASIS AND COMPUTATIONAL TECHNIQUES

A. Exhaust Gas/Aerosol Dynamics

The TFM calculates the intrinsic parameters (temperature, pres-

sure, density, velocity, etc.) of the exhaust gas as it moves away from a

jet engine. These calculations are based on the basic principles of fluid

dynamics and thermodynamics for compressible fluid flow (see references

1-4). Those basic principles include the following laws and assumptions:

1. Conservation of Mass

2. Newton's Second Law

3. First Law of Thermodynamics

4. Second Law of Thermodynamics

5. Equation of State for a Perfect Gas

6. Compressible Flow

The equations which represent these basic principles are formu-

lated in the method outlined by Shapiro (reference 1). Using this method, a

matrix of influence coefficients is formed, the elements of which can be

used to calculate the change in each dependent variable due to changes in

the independent variables.

In this method, the matrix elements of influence coefficients are

first calculated using the initial values of the variables (i.e., the values

specified at the jet engine exhaust plane). The TFM then calculates the

changes in the independent variables hetween that point and a point lying a

short distance downstream. The matrix of influence coefficients are then

evaluated for the new point and then used to calculate the dependent vari-

ables at the new point. This process is repeated until the exhaust reaches

a pre-specified point.

4
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At each of the calculation points (dependent variable evaluation

points), several other calculations are performed. References for the basis

of each of these calculations can be found in the Appendix, which consists

of a FORTRAN listing of the TFM with documentation. They fall under the

following categories:

1. Liquid Injection. The TFM allows for the injection of liquid

at arbitrary rates at arbitrary points downstream. The TFM checks to see if

one of these ports has been passed in going from one calculation point to

the next. If it has, the injected liquid is subjected to break-up into

smaller droplets in a separate routine. The drag which the injected liquid

exerts on the exhaust gas is calculated as is the cooling of the gas due to

evaporation of the liquid and transfer of sensible heat from the gas to the

liquid. The terms which arise from these calculations are added to the cor-

responding changes in the independent variables.

2. Gas Injection. The TFM also allows for the injection of any

gas (or gas mixture) at arbitrary ports downstream. At each calculation

point the TFM checks to see if a gas injection port has been passed, the gas

mass injection rate is added to the exhaust gas mass flow rate, the momentum

of the injected gas in the direction of the exhaust gas flow is added i,i,

and the injected gas is assumed to be completely mixed with the exhaust gas

to determine the resultant specific heat capacity and temperature. The in-

jected gas may have arbitrary temperature and relative humidity.

3. Aerosol Agglomeration. The size, distribution, and number

density of the aerosol particles can change in several ways. At present,

- . the TFM assumes that they may change as follow:

5
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(1) Particulate-particulate collisions

(2) Particulate-liquid droplet collisions

(3) Liquid droplet-liquid droplet collisions

(4) Liquid droplet evaporation (or condensation)

The particulate-particulate collisions are assumed to occur

via random motion of the particulate (diffusional agglomeration).

The particulate-liquid droplet collisions are due to both dif-

fusional agglomeration and the fact that injected liquid droplets may have

an "ordered" velocity which is different from the exhaust gas, in which case

the collisions are due to inertial impaction.

The liquid droplet-liquid droplet collisions are calculated

using both diffusional agglomeration and inertial impaction.

All of these calculations are done at each time interval cor-

responding to each downstream calculation point.

4. Liquid Droplet Evaporation (or Condensation). The TFM, in its

present form, assumes that there are no chemical reactions downstream of the

jet engine exhaust. Thus, it assumes that a given chemical species is con-

served. As it now stands, the 7TM monitors only one evaporating or condens-

ing species--water. At each computational point, the TFM calculates the

partial pressure of the water vapor present in the gas. If that pressure is

greater than the saturation vapor pressure condensation on the particulates,

then pre-existing water droplets can occur; if the existing vapor pressure

is less than the saturation vapor pressure, then evaporation can occur. The

TFM calculates the amount of evaporation (or condensation) which occurs at

each computational point for each size class of particulates and water

droplets.
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The net water mass condensed between the two computational

points is then calculated and the corresponding release of latent and sen-

sible heat is added to the heat of the gas.

B. Opacity and Electromagnetic Scattering Calculations

The 7FM can calculate the scattering (and absorption) by any arbi-

trary size spherical particle for a given wavelength of electromagnetic

radiation and a given angle of scatter. Thus, by using these equations to

calculate the extinction cross-section for each size-class particle (par-

ticulate or liquid droplet) in the jet exhaust (at a given point downstream

from the exhaust plane), the total extinction cross-section can be ob-

tained. Thus, the opacity of the plume can be found by knowing the number

density of each size-class particle and the diameter of the plume.
'.,

The equations upon which the scattering and opacity calculations

are based are the solutions to the general scattering theory (see references
~5-1o).

These solutions are in the form of a series of expansions, some of

which are st-aightforward but others require evolved numerical techniques in

order to assure rapid convergence.

The TFM must have the following parameters for each of the

scattering calculations:

I. Diameter of the scattering particle

2. Wavelength of the electromagnetic radiation

3. Angle defined by light source : particle : observer

4. Imaginary and real components of the index of refraction of

the particle or the conductivity and relative permittivity of

the particle

7



Further documentation of and references for these calculations may

be found in the Appendix.

IV. CONCLUSIONS

*- " This model provides an ability to predict test facility particulate

and opacity for any combination of gas turbine engine and test facility/

control device configurations. The cost is estimated to 1/200th of the cost

to measure the same parameters.

The TFM is a cost-effective tool for the determination of jet engine

test cell particulate loading and exhaust opacity. It is both flexible and

general. The flexibility manifests itself in the ease with which a specific

situation (engine size and load, test cell geometry, liquid injection, etc.)

can be modeled. It is general in the sense that other effects (such as

chemical reactions, hydrocarbon condensation, etc.) can be added without

modifying the theory and computational techniques upon which the TFM is

based.

V. RECOMMENDATIONS

Two types of recommendations are pertinent concerning the model.

First, the model must be validated using actual engine exhaust plane/top of

the exhaust stack data. Validation will provide air pollution control

districts with confidence of the model's accuracy. Second, the following

additional efforts will make the model easier to use and more powerful when

evaluating control devices.

A. Turbulent Agglomeration

As the TFM now exists, all agglomeration of the particulates is

calculated using diffus~onal agglomeration equations only. However, turbu-

lent agalomeration shoul be an important process in the modification of the

size dist-ibution and number density, especially for particulates greater

than about I micron.

8
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B Entrainment of Air Into the D'ume

S As the TFM now exists, the amount of air entrained in the plume is

-.. input parameter. However, more realistic method would be to have the TFM

calculate the amount of air entrained in the plume after it leaves the test

n cell. The entrainment of air into the plume and the subsequent dispersion

-s required to predict opacity.

C. Condensation of Hydrocarbons

As the TFM now stands, water is the only liquid/vapor substance

-v that is allowed to undergo phase transition. The evaporation/condensation

of any other liquid can be added to the TFM if the saturation vapor pressure

of the liquid is known.

D. Chemical Reactions

The TFM lends itself well to the addition of the effects of

chemical reactions. If this feature were added, the TFM could model the

effect of afterburning control devices on the plume opacity or injection of

ammonia for NO control.

x
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PROGRAM BUILD
DIMENSION DA:(20).NAI(20),SLM(2() IIS[..M(20)

C DAI(I) is the initial diameter of the aerosol . srticles i t, the
C I th size class, assumed to have (initiallv) the same teirap' -
C ture as the Jet exhaust.
C NAI(I) is the number derisitv of aerosol Particles iritiall. in
C the I th size class.
C SLM(I) is the water-soluble mass in each of the aerosol -art-
C icles in I th size class.

INSLM(I) is the water-insoluble solid mass in each of the aerosol
C Particles ir. the I th size class.

1,DWI(2O,2O),NWI(20,2),TWI(20),NWIT(20)
D'WI(IJ) , NWI(I,J) rand TWI(J) are the di-am.tei'rrJber dens-

C itw, and the temrerature, respectively of the I th size iniected
C at the J th Port.NWI(IJ) can be Aiven J Portsince it is normal-
C ized later.
C NWIT(I) is an approximation to a twpical water spray.

2,XWPORT(20),WMDOT(20),XAPORT(20),AMDOT(20),CONSOL(20)
C XWPORT(J) is the distance to the J th water injection Port.
C WMDOT(J) is the mass injection water injection port.
C
C XAPORT(J) is the distance to the J th air injection Port.
C AMDOT(J) is the mass injection rate of air at the J th Port.
C CONSOL(J) is the concentration of soluble salts in the injected water.

3,TIAIR(20),VXAIR(20)vSPHUMD(20),MASEOW(20),SPHTAR(20)
C TIAIR(J) is the temperature of the air injected at the J th
C Port.
C VXAIR(J) is the axial component of the velocitv of the injected air
C at the J th Port.
C SPHUMD(J) is the specific humiditv of the gas being injected at
C the J th Port.It is defined as the ratio of the water vapor densitu to
C the total densitw of the las; thus a value of 1.0 corresponds
C to steam.
C MASEGW(J) is the mass eouivilant weight(or k ./kmole)
C of the gas injected at the J thPort.
C SPHTAR(J) is the specfic heat(at constant Pressure) injected at the
C J th Port,(Joules/Kg-dea.Kelvin).
C
C Now Dimension the working variable arrays.

4,RA(20),RW(20,20),SOLUMA(20,20),INSOLM(20,2O),H20MAS(20,20)
C RA(1) is the running radius of the aerosol Particles,
C RW(I,J) is the running radius of the injected water drops,
C SOLUMA(IJ) is the running soluble mass in each of the(I,J) drops.
C INSOLM(IJ) is the running insoluble mass in each of the(I.J) dro-s.
C H2OMAS(I,J) is the mass of water in each of the(IpJ) drops.
C

5,TW(20,20),VXW(20,20),NW(20,20),NA(20),TA(20)
C TW(IJ) is the running temperature of the water drops which were
C injected at the J th and which were originallv in the I th
C size class.
C VXW(I,J) is the running axial component of the velocitw of the water
C drops which were injected at the J th iort and whicch were at-rioin
C in the I th size classs
C NW(IJ) is the running number of water dror*% which wore orainallu or
C the I th size class and were injected at the J th mort,,(NW(IJ) 'W. be
C less than NWI(IJ) due loses bw collision or coAgulation wi.h lap*ei
C drops or Particles.)
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C A( I ,J) is~ tin-e rurnni-~i numrber' of' aerosol -srticl-ms which were ;-
C irnallv ine the I th size ci; s.N44) will. in*.rsta he iexs th'Z;' NJAI
C (I) because of loses. bw collisionis arid ---a-ulation witi 1h e
C Particles'6or water drops.
C TA( I) is the runninI temperatlire of the aerosol Particl.g;, which cqr
C be different from the main gas flow because of' conidensation on~ the
C Particles.

6?KWIJ(20) PKAIJ(2'O) FNORM(2O) YDRDIF(2O) vWOFZKL-R(20 20) tTRW(20y2O)
C KWIJ(J) is a control arraw to de.term~ine if the J th water spraa has
C beern injected; similarilvp KAIJ(J) is for the air injection Ports.
C FNORM(J) is a normalization array for the droip size distribution
C injected at the J th Port.
C DEIF( I) is a t, npiczl dra.,% z~et diamatp ':to .itione to
C the inJected drops.
C UO(RKAR(IJ and TRW(IPJ) are tempor-iry storag~e arra-isw uspd where
C ir.Jacting hte water spravs.
C

77WATM(20) FTYARDI(2O) ,TYNUMD(20) rtAPLOT(20)
C WATM(I) is the arrav of the condensed water mass or, each of the
C I th size av'rosol Particles.
C TY.ARDIMi is a tyjpical aerosol diameter arras used to represen
C the size distribution of the aerosol Particles.
C TYNUMD(I) is an un-normalized size distribution whichy with
C DAPLOT is the Plotting arraw for the diametersi in microns.

BAa(6) ,Bb(6,6) PCC(6) ,DA(20) ,DAIPLO(20)
C AavBbvCc are the-Shapiro matricies for the influence coefficients.
C DAMI is the 'running' diameter of the aerosol Particles.
C DAIPLO is the Plotting arrav for the initial diameters, microns.

9,PLTXXX(1000),TlYYY(1000),V1YYY(1000',RHYYY(1000)
C

REAL NAI~INSLMPNWIPMASEQUINSOLMHWYNArNWIT,
lihewLoadiniixlMdotlMdot2,MsairdlyMsord2,MolwtlMolwt2,
2NRBAR, INSLGNVMOWINAILIMUH2OINAMAX

C
C DATA Lognor /10O,112.5,32,15,3.75,0.24,O.O2r0Oi0P/

DATA DRDIF /1. p2. 3. v5. ,7.p10. ,14. ,20 2. ,35. v47.65 . p80. ,100.
1vl40tv200. 9300.v400.,700orlOOO./
DATA NWIT /0.1,0.2,0.4,i.5,1.72.5p4*0,6.0P7.010.0'15.0i20.0
1,25.0,35.0,35.O,30.0,25.0,15.Ovi.OOvO.00/
DATA XWPORT /0.50,2.00,3.00,4,00,5.00,6.00,7.00,8.00,9.00,10.00

1,11.00v12.00,13.00v14.O0r0.0,16.00v5O.,50.,60.t79,/
DATA XAPORT /l.50v2.509,3.50,4.5,5.50,6.50,7.50,8o501,9.50v10.50

l,1l.00,12.00,13.00,14.00,15.00,15.00i17.00,58.00,0.0Y56.00/
DATA WMDOT /0. ,0.00,0.00,0.00,0.00,0.00,0.00,0.00,Q.0090400

lfsoo0pooooPOOPO000psooop~o
DATA AMDOT /OO.0O0.0O.00t00.0POOp#POOOO000000O0,0OO00.0*
1,0.oofo1,0o,0.0,0.~o0o0,0.0oo.0,0.0,o.0/
DATA CONSOL /0.0,0.0,0.0,0.00,OOO.O0,0.0,0.0vQ.0,0.

1 ,0OO#0904100,0,010b090*010,opo9Oop0.0o/
DATA TIAIR /150.0v20.,20.,p20. ,20. ,20. p20. ,20.20. ,20
lp2.,0,002062*pO.2tP0OPQ20.OP2 0.092 0OY 2 0.OP2 0*0/
DATA VXAIR /50O,,0.0,.0,0.0,,0,O,0,.OO,00~.Ot
1,O,O,0,0,Q.0,O,0,OO,0,O,0.OQ.0,0'0,Q.0/
DATA SPHUMD /0, 0,,00,OO,0,0~OP,O,0,0.0,00O.0,0.0s
i,,00,0,0,voO,0,0p.0,0,0,O.0,Q00.oOvO.O/

DATA IM'ASEOW /30. ,30O,30.0,30.0,30.0,330,.03003.01.,0
1,o30.,3. 30. ,30. pO30, ,30,,.p30. p30. , i0/
DATA SF'HTAR /1006,,1006,,10Oi*,100,6.plO06,,10O6,,1006,-
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2m1006.r103S. .1006.1
DATA TW 1 /20. P20, r20. rp270. -20. P98. Y20. 2..20. -20-
lv20. .2O. 20..20. .20. 20. .20. .20. 20.p;'_0./
DATA rYARtII ,'.05,0.10,O.2.OP.3,Ov.3OrO.75,±,o,1 .3,1.7,2'-.3,3.i

DATA TYNUMD /500.,1000.,500.,2070O.,100.,sO.,10..4..2.,

C Now the Uni'versal conistants:
Cva=766.4 specic heat at constant volume~ of dr, air.
Rdas=8314.34 universal gas constanat.
Rma=Rgas/'29.99 @? gas coristarmt/(mol. wt. of stack la-)
RwRas/18.015 e? specific :1as conastsi-t tfo' va r.
pr=3.14159
L=2.225B3E6 @ latent hieat of' vaporization of water.
Eps=Rma/Rmw
Gama=1.37 @ CP/Cv for drw gas.
Cpa=Gama*Cva L? CP for drv air.
Cpw=4186. @ spectic heat for linuid water.
Difl=2.39E-5 @? water vapor diffusion coef. (a2/sec)
Rho1=1*E3 @? densitv of liouid water#
Cond=2*83E-2 @? Thermal diffusion coefficient in~ air.
The units of Cond are Joule/(meter-sec.-det*Kelvin)

Beta=O.036 2 Beta is the condensation coefficient.
Sig=O.O72 4? Surface tension for water.
Emob=2.2E-4 @? Ion mobilitu in air at 1 atm.
Eta=1.66E-5 @? Kinematic coef. of viscositv for air (rn2/sec)
MUH2O=1.143E-3 @? Viscositw of H20 (Kg/meter-sec.)
ETAH2O=1.143E-6 02 Kinematic coef. of vis. for liQuid H20 (m2/sec.)
TAYLRC=2.7 @? Tawlor's constant-for drop breakup in fast gas flows,
BOLTZ=1 .38E-23 Qsoltzmann' s constant ( joules/del)
COAGC=(2#/3. )*BOLTZ*293.16/Eta
COLCON=C 2./9. )*Rhol/Eta
CUBRUP=2.*5
CPH2O=1980. 4 Specific heat at constant Pressure for H20 vapor.

Now the initial intrinsic Parameters of the aerosol.

Pdens=2.0E3 @? Particles' mass densitw.-
Meow=58 e Eaiuv. molecular wt. of NaCl.
Ev=2*5, L2 van't Hoff Factor.,
Loadin=5.000 @? Particulate loading (grains/cu ft#,.
P0=1.005E5 @? Initial Pressure.
Sphurnl=O.10 P? a specific humiditwo
TO=555. @? Jet exhaust temperatusre in degs. Centi'Arade.
VO=2600. @? Jet exhaust velocitv in ft/sec.
W0=1597. @? Mass flow rate through jet enainer lbs/sec.
Xtot=350.
AO=4.O 4 Thie initial cross-sectional area of the flow duct~soornetero
Ratio=2.5 @?Ratio is the ratio of the max. to mine cross sect*

Now some of the injected spraw Parameters.
RHOSOL=1.05E3 @? Density of liauid to be injected (~/umtr

Calculate constants coefficients arnd convert all Para.reters to MK13
Swstem of units.

P1 =PO
Ac=2.0*Sig/(Rhol*Rmw)
EBc=3Z18#015/( 4*PI*Rhol)
C3=L*L*Difl/(Cond*Rmw*Rmw)
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C 5=4 . t PFT/"-

i2=3/(Rhoi CPw)
C13=L/(4*PI)
C 1 4 =4 *F I * Conrd

C

C

V1=V0/3.*2308
D0 2 1=1,20
TW(J 2-73.tL.3+TW ',J~.

TA(J).zTO+273. 16
2 CONTINUE

SUMNUM=O. 0
PLDMKS=Loadin*2.293E-3 (P Convert Paricla loadiri! into Kg/cu.ffieta.-
DOG 9 1=1,20
DAI(I)=TYARDI(I )*l.E-6
RA(I)=LAI(I)/2 @ Calculate initial p-article radii ina MIKS.
EIA( I)=EAI (I)
SLlI(I)=0*
WATM( I)=0.
SMFACT=C5*RA (I) **3*Fdens
INSLM (I )=SMFACT-SLM (I)
SUMiNUM=SUMNUM+CMFACT*,TYNUMD ( I)
DO 10 J=ti,20
NWI(IJ):=!WgIT(I)
NW(I PJ)=0.0
DWI(IYJ)=DRDIF(I)*1 .OE-6
RkJ(IPJ)=(DtIIP J)/2.)
DMASSE=CS*RW( I J)**3*RHOSOL
SOLUMA( IPJ)=CQNSOL(J)*DMASSE
H2OMAS( I J)=DIIASSE-SOLUMA' I ,J)
INSOLM(IPJ)0O.
TW(IPJ)=TWI(J)
VXIJ(IJ)=0.
WORKAR(I ,J)=0.
TRW(IPJ)0.o

10 CONTINUE
9 CONTINUE

FACNR 11=SUM NUM /FL DMKS
DO 7 J=1,20)
FNORM(J)=0.
KWIJ(J)=0.
KAIJ(J)=0.
DO 8 1=1,20
FNORM(J)=FNORM(J)+NWI( I J)*C5*RHOSOL*RW(lI ,J) t*3

8 CONTINUE
7 CONTINUE

DiO 6 1=1p,20
NA! (I )=TYNUMD( I )/FACNRM
NA( I)=NAI (I)

6 CONTINUE
Cond1w=
Time=O
Eltittax= I *OOE- 4
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KKK-m 1.
Co ur: t=0
L mi n, 0

C Initializr? the plot Paramcti:rs
DXIPLOT-=90 .0

N PLOT =

WD~OTO=WO/2 2

C.. Sphuffnl=Mixl/ (I +M ixi) e Secijfi humi'LiiLy.

E 1=M i..1 *P 1/Eps+Mx1)
Cv=( 1+1 #02*Sphurnl )*C,.a
Cp=( 1+0.9*S.Phuml )*Cr-a
Gaml=CP'/Cv

C
C Begin stepp'ing.
C
30 CONTINUE

KKK=KKK+1
Lmn=Lmn+l
Rm=Rma/(1-(1-Eps)iE1/P1) 2 Gas corestant rap moist air.
IF (Lmn.GT.1) GO TO 11
Gasdnl=Pl/(Rm*Tl) Gas mass densitvs

C Mdotl=Gasdn1*V1lcAO Gas mass flow rate.
Mdat 1 WDOTO
Vl=Mdotl/ (Gasdrel*AO)
Csotrdl=Gaml*Pl/Gasdnl
Msctrd1=V1*Vi/Csard1
Snspdl=Csordl***S Sp'eed of sound ine gas.*
Rhowl=El/(Rmw*Ti)
Rhodal=Gasdnl-Rhowl
Molwtl=Gasdnl/(Rhodal/29 .98+Rhowil/18.015)
Areal=AO

11 CONTINUE
C Calculate factors for diffusion rate on small droplets.

FrepthDifl/eta*(2KF'I/(Rm~w*T1) )**(0.5)
C Set values for heat ventilation factors*

F'rHeat=(Eta*CP'*Gasdi1/Cond)**(1./3.)
IF (X.LT.XPLOT) GO TO 3
XPLO0T =X PLOT +DX PLOT
K PLOT =KP LOT +1
IF (KPLOT.GT.1000) GO TO 100
PLTXXX (KPLOT)=X
T1YYY(KPLOT)=T1-273. 16
VlYYY (KFPLOT );=Vl
RHYYY (KF'LOT )=Gasdnl
PRINT 202

C PRINT *y (PLT0UT(MFIIPL0TvMPT-x1r5)
C PRINT *y (P'OTh'YPO)M~S8
G PRINT *, PLTOUT(MPIYKPL OT),MP1I-9p10'

IF' (KFLOT,6GT.1) GO TO 333
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IFT X.LT.XWFOR r(JY G00 10 :0 @ Se f J t;-, Qt C . 2

IF ( KWIJ(J ) *NE.,'0) GO TO 4 0 @? Check. to see if L *. 4 e t Cled o: ~ rv Va L

KW I J(J> I 0G Set t h is w at er () rtI. f lag. ir.or z c,
SC Now inject J Lb -;rj-s3 and shatter dror- .

I'lU 41 I=Ar20
NWI (I J)=NJI (I .J)/FNORM(J)

CIi o.urder- to obt a i n the numb.;eT Lr aoL.ris tyv r ross:s t: [ h.-
Crar-iseinJected at the J Lii ;ort, mut:: WWI (I- J ) bu the W~terp
C mass injection rate at the J th -o rt a an d div i d s Mt,;v t, 3'

- aerosol Pas 1us injec ted gas :lus eso rat2d vau vL, me 7

rt r~e of' to-e ss ( cu. meters/geL.

C NW( IJ)=NWI(IJ)*WMEirO'T(J)/(Mdotl/F.',howI)
C ~Check. Talor's criteria for drop braakuiP.

VREL=V1-VXW( I J)
TEST=Rhow1*VREL**2/(2,*Sig/RW(I,))
IF (TEST.LTTAYLRC) GO TO 44

0C Drop Passes criteria; break it, u.
:>VULIJ=C5*RW(IPJ)**3*NW(IPJ)

RBAR=CWBRU**( 2. *RW( I PJ) )*(.5)*(MUH2O* (SCis/Rhol)**5
% 1/(Gasdnl*VF.EL**2))**(1./3.)

NRBAR=VOLIJ/(CS*R4AR**3)
DO 42 K=1,19
TRCE=(RW(KPJ)+RW(K+liJ))/2.
IF (REAR.GT.TRCE) 00 TO 42,
JAY=K
GO TO 43

42 CONTINUE
JAY=2O

43 CONTINUE'
TRW (JAY PJ)=(CS*WORKAR (JAY J) *TRW (JAY vJ) **3+VOL IJ)/
1((WORKAR(JAYJ)+NRBAR)*C5))**(1./3.)
WORICAR(JAYJ)=WORKAR( Iij )+N4RBAR
GO TO 41

44 CONTINUE
TRU(IJ)=((WORKAR(IJ)*TRW(IJ)**3*NW(I,,J)*RW(IJ)**3)/
1(UOF<KAR(IiJ)+NW(IgJ)))**(1./3.)

% WORIAR(IJ)=WORKAR(IJ)+ NW(IPJ)
41 CONTINUE

DO 45 I=1'20
NW(IPJ)=WORKAR( I J)
RW( I J)=TRW( I7 J)

4- DMASSE=CS*RHOSOL*RW(IvJ)**3
4 ~SOLUMA ( I J) =DMASSE*CONSUL(CJ)

H2OMAS( IJ)=DIMASSE-SOLUMA( I ,J)
45 CONTINUE
40 CONTINUE

C ~Set. Lt -for this iteration.

C ~DO 200 3=1,20e

IF (NWIJ(J) *Ea,.0) GO TO 2100
(1 [F (WMDOT(J) .E'2.0.0) GOr0 TO O0

I" DO 201 Izl,20
C IF' (NW(IwJ).EO,0.0) GO rO 201.

C VFRSR=Esat (TW( I r J) 'K'( 1 . +Ac/RUJ I
C EMEDTR=C4*RW(I J)*(EI1,T 1 4 i-Y </is' :.
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t F L f r ~ C 4 : RM ' L; K . w ' ; *

L 1 Lt AMIN1DtDtf.'t)
C20C 1 Un-NT1IMUE

C200 CONT I MU

C Now (>3lcuIJIte tne ~~Jt~,
1110 49 J:L.7 2 0
I F (KWIJ(jl).EO.O) C-0) TO0 49
DO 5 0 J=J 1 20
I F (IKW IJ ( J! *EO. 0 U G ''"

Th,: coc3-ij12± ior, L I ~ ~ - ' L , ~~. r
nl r is~ the r'insb, I *g* .t3- the I ~ +:

V j3'jils of the smialle 1 r 3 ticlei i~ arn, r- =iCC?
c the 1arser size partici,2c. 1k(rl~r?2) is ivocr, b -3

K' N( r 1 Pr 2 2/ 3. *t,'--ta(r 1+ r 2)*2(r 1 ;X T, wivre:ki .
c Boltzasnr constantp Eta i3 the viscsitvi of i2ir 3t temlF'er,3kdre T.

DO 51 11=1P20
IF(NW(11,Jl),EI.0) GO TO 51
DO 52 12=Ilp2O
IF(NW(I2,J2).EQ.0) GO 10 52
ENlDT=-COAGC*(RW(IlJI)+RW(I>rJ2))**2'(R W(IlJ1)*RW(I12,J2))
1*NW(IlJl)*NW(I2,vJ2)
IF (RW(12,J2).LT.RW(I1,J1)) THEN
ILOS.=I2
J L =J2
IGANE=I1
JG=Jl
ELSE
ILOS=Il
JL=Jl
IGANE=I12
JG=J2.
END IF
VLMCOA=E'N1DT*RW( ILOsJL)**3*C5*lt
NW( ILOSPJL)=NW( ILOSiJL,+'N1ET*Dt

* RW(IGANEJG)=((C5*NW(IGANEPJG)*RW(IGANEJG)**3-VLMCOA)/
l(NW(IGANEJGI,*C5))**(l./3.)
SLMGAN=-DiNlE'T*Dt*SOLUMA( ILOSJL)
SOLUMA ( IGANE ,JG)=SOLUMA (IGANE, JG )+SLMG.~N/N1W ( IGANE v.-JG)
INSLGN=-r'N1DT*r't*INsOLMC ILOSJL)
INSOLM( IGANEJE3)=INSOLMI(IGANIEJG)+INSL(N/l4([.G~tFJG)
H20GAN=-EINlDT*Dt*H2OMAS( ILOSJL)
H2OMAS( IGANEYJG)=H2OMAS( IGANEPJG)+fH20GAN/NW( IGM-%rlE 'JG)

52 CONTINUE
51 CONTINUE

c' Now coagulate the water dr'oF's arid the 3er(-so01 :artirles.
DO 53 12=IP20
IF(NWU'2vJ).EG.O) GO TO 53
Lb 54 11=1,20
IF (NA(I1).EQ.0) (30 TO 5';t
EDNARDT=-COA*f2M 1 fP( 129.J) **2/ i) 11F*RW 712,J) *NA It

1*NW ( 12 vJ)
'%OLER=rNARDT*RA (I11) *'*3*C5*Dt

*NA ( I I =NA 11 ) +DIJARTT*rlt

R W* ( .12 J C3 5 I . 2J 7)VL, N 2
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INSOLM~i I2 J Y rf !2Ji~T> J 'AD~t £iJ$A 4f .2
H20MAS( 12 PJ ) ::=Hc'O0iAS (12 J ) -E'rhARDT grt-tWflTM Vut 11 :2 1)

54 CONTINUE
a 5 C CONTINUE

50 CO0NTI o!U E
-4 CO0N TINU

L)w aoss' .Lte thie a e r o sol eti cIo with t;-'em~ D Ps.
DO 55 11l1tP2O0
1IF ( NA ( It) .EQ .O.O0) (303 TO 5--

I F N _7 ;0iO5

NC. NA( II )N A( 11 )D NA R DT*KDit

lfl (1 */3.*

ISLM(12=LMI2)LN4R*)EiT*Et:TtSLNS( I )/NA( 2)

C6 I NHAi h nrvade otegs0e unit mass af !gas)

*C bvi the injected air durin9 [It.

C LMFOTA is the total mass rate of? dr3i air which is injected st,
C a given Port.

MOW INA=0.
£ MOWINA is the weighted molecular wei-ht of the injactad air
C during Dt.

DMOMIA=0.
C DMOMIA is the total momentum (per momentum of' the gs) which
C is added to the gas bv the iniecter.

VAPINJ=0.0
G VAPINJ is the mass rate of watar vapor injected during Dt.

DO 60 J=iY20
*IF (X.LT.XrP'ORr(J)) GO TO 60

IF (N<AIJ(J).NE.0) GO TO 60

C Inject air at J th port.

C KAIJ(J)=J

DNTHA=DNHLAKSPHTR(J K( t-TTIR( -[1:.kVt/2 * )*?)MEIT( J) /hcioti1

VAf.F (.NJ=VAPINJ+SPHUMD ( J ) AME'OT CJ)
'-IfU. TNMMti OW INA +AMIOT(J)*MASEOWJ)*Gasnr-i/MedotI
['MOM [f'Mi*( 2 UXI J)/1tCAMDO,-T CJ ) /M~o t

"J Z, 1,J 1~ 'u 1 kt. L( *o LI.* rnc n. ' i je t,-rI wa t cF's-1. wit

I W ' * J L "

KA-9
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IF ( NA ( I'.E.0~ 0 O 0 79
[DA ( I =2,*'KRri (I
DA I PLO( I ) =D#. I' rt .ES
NAMAX=AMAX 1 ( NAI1AX NAl (I
f'AtAX=AMAX 1 ( DA; '£4I

?99 CONTINUE
P7LOZZZ=ALO(310(NiA) 10.
NPLOZZ=INT(P'LOZZ +tC.5

MMMOD,=MOD(CNPL'JZZ 5)
NPLO0 Z Z N PLO0 Z- i' Q~C

PLOZZ"Z=NPLOZZ/ 10.
NAMAX=10.**P'LOZZZ-
['AMAX=4'AMAX*1 .Eo
XXSTF'=DAMAX/10.
YYSTP=NAMAX/10.

* PRINT *v NAM1AX.DAMAXvXXSTPYYYSTF
CALL BGNPL(KPLOT)
CALL PAGE (12.P't0C)
CALL NOBREIR
CALL AREA2D(1O.f7.5)
CALL XNAME( 'PARTICULATE EIAMETER,(Microi;)$' '100)
CALL YNAME( 'NUMBER OF - ARTICLJLATES/CUr$IC METER 114 SIERAGs

C CALL HEAE'IN ('SIZE DISTRIBUTION s$ic1CP.0r:)
CALL MESSAGU'DISTANCE FROM ENGINE IS $',:00Y5.5*-7.0'
CALL REALNO(Xt2v'ABUT'r'ABUT')
CALL MESSAG(' METERSS',100'ABUT';'A3UT')
CALL GRAF(O.OXXSTPEIAMAX,0.0,YYST',NAMAX,

C CALL YLOG(O.OtXXSTPvO.Ov7.S)
C CALL VBARS(DAv'BASE',NAY20)

CALL CURVE (DAIPLOPNAP2Ovl)
CALL ENDPL(KPLOf)
GO TO 334

333 CONTINUE
CALL BGNPL(KPLOT)
CALL PAGE(12.v9.)

* CALL NOEIRER
CALL AREA2EI(1O.,7.5)
CALL XNAME('PARTICULATE DIAMETE~P(Microes)S' ,100)
CALL YNAME( 'NUMBER OF PARTIC ULATES/C'.JIC METER IN SIZE fAN'3$1'

*CALL HEAEIIN ('SIZE DISTRIBUTION CF PARTIC1ULATESSp100v1.UjpI)
CALL MESSAG ('DISTANCE FROM ENGINE IS $'y100v5.5v-7.0)
CALL REALNO (X,2,'ABUT','AIUT')
CALL MESSAG ('METERS$' v100v 'ABUT'P'ABU.T')
CALL GRAF (O.OXXSTPD-EAMAX,0.0,YYSTPN4AMAX)
CALL MARKER (0)
CALL CURVE (E'lAIPLO: NAI ,20' 1)
CALL MARKER (2)
CALL CURVE(ALT N 201
CALL ENDPL I'2PLOT1)

*334 CONTTNUJE
C IF ( NPLOT4*GE -t ) (10 rO IC('

3 CONTINUE
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* ~ ~ ' .kX I.- . . . . . . .

iF TOI IW '

1L J 11 ,2

J L. J1
1(G 12
JG=J2'
ELSE
I L =12w
JL=J2
IG:-I I
JG=J1
END IF
DELNW1=DNlDT*Dt
IF (DELNWI.GT.NW(ILPJL)) DELNWa1=NW(ILrJL)
NW(ILPJL)=NW(ILYJL)-DELNWI
GOLVOL= C5*DELNW1*RW(IL'JL)**3
SOLUMA(IGJG)'=SOLUMA(IGJG)+ttELNW1*SOLUMA(ILJL)/NW(IGJG)'
JNsOLM(IGJG)=INSOLM(IGJG)+DELNW*INSOIM(IL-JL)/W(I~iJG)
H20MAS(IGJG)=H20MAS(IGJQ)+L'ELNW1*H20MAS(ILJL)/NW(IGPJG)

S ~RW IGJG)=( (C5*NW(IGJG)*RW( IGJG)**3+COLVOL)/(Ci:Nw( IG?.JG)))
1**(l./3.)

73 CONTINUE
- -72 CONTINUE

71 CONTINUE
70 CONTINUE

C Now calculate the collisioras between the aerosol Particles and' th--r
C injected liouid drops due to the diff~erence in their directed nytotict,7
C using the same method as above for the collisionis of water drops with-
C themselves.

*DO 74 J2=1,20
I F (KWIJ(J2).EQ.0) G30 TO 74
IF (WMDOT(J2).EQ.O) (30 TO 74
DO 75 12=1920
IF (NW(12pJ') £..') 00 TO 75
DO 76 I=1,20
IF (NA(I).EG.0.0) 0O TO 76
VRELAW=AStS(V1-VAU( 12,J2))

A-il

~~V



IF (COLPAR.LE,1.214) GO TO 7

!&WQ(2tJ2)UCO=Fr

17 (ME AE,.OTAIN))-ELAWN

*OLMAI2, J2 )=.SOLLJMA (12U 'DEL~AER BLM'.I) /W I2PJ2)

-~rj WA*., QA W.... 07 O' W:7?M

cklculats the eva:poi'tiora, the releace of :lateni- heatr~ an A
"Win~a of heat f rom the dJrops to the a .s fl.ow*

usedC.L foo: ths csc.~laianw 4 ar asflos

j .) d/,: . (4/3 ~rFDir Rmw *M-T ( r /T :7*:t)I '*Cr): ~ -

- ~ ~ ~ ~ ~ ~ n **-*,m* .. u9n~t W solujble smt in~

- .. ,. .. ; Ji s the mai pn:ta Q zPawbn '.:.e a drt~oplet of radius ri
Dirl is' the wte 1 '.Sa' difru!.tf coefriciergt, RTCA is the ga eqnstant

ew otatr vaP~r; Eo is this vapaoresuLre rpr f romn the rdropTo is the
Ampe~r.atuI' yn from ~tht dpocvEr and Tr are the correpidin vwni-
.;i An t:o sir :3ce of th"o dr'apletrC is +,;e latent hest of wasoriz-
n*e . n: t~ he .iiuica Cp-w ias the specific neat caac% of t:ho. Ani.dj

C :'-";C>N A~ the~ total amrount: of he.3t(Fp:.. mass av' gas)' candui.ite-1

water' drp t- the gas during the timie.

is.V~ W al a.n,~ r~31 ,1'U.'~T.* '..it mnomenftumT n?9 on

IF (NAM M00 CI *C * CC TO O

.I:jSF:::s t (Tap a) *ia rat Fr sml drnp< j\ :etQ
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[IMDTR=CONrI'W/ 1
ELSE
WATM ( I ) =WATM( I )+CONIANM

END IF
* . TCNMAG=TCNMS+tJNNM*NAi( I/3.dL

T H T CON =TH T CON + HTRA C N* N A I )DtA3Ii-.1
TEVFEN=TEVPEN-CONDiNM* ( CF'H20* ( T ( I ) -T 1) -LI' 4.*JC(I '
E'TRDT=(L*DIMDTR-HTRACN )/I(C5.*Rhoi*CFw**%A (i) :9*3)
TA(I )=TA(I )+DTRDT*Dt

C IF (TA(I).LT.Dtemp>x) TA(I)=Dten,,
80 CONTINUE

DO 81 J=1P20
IF (KWIJ(J).EQ,0) GO TO 81
IF (WMDOT(J).EQ.0.) GO TO 81
DO 83 I=1?20
IF (NW(IPJ).EQ.0.0) GO TO 83
yPRSR=Esat(TW(Iv,j))*(1.+Ac/RW(TJ)-E*c*SOLUMA(IJ)
1/(Rbi(IJ)**3))
DMDTR=C4*RW(IPJ)*(E1/Tl-VPRSR/TW(I.J))

C Modify the evaporation rate for small droplets arnd venatilat.ion:.
SoRey=(2.*RW(IJ)*ABS(V1-VXW(ItJ)'$/Eta)**(0.5)

* Fross1=1.*0+0.*276*SaRew*PrVapf
DMDTR=DMDTR*(RW(IPJ)/(RW(I,J)+Frepth))*Fross1
HTRACN=Cl4*RW( I J)*(TW( I J)-T1)

C Modifw the heat flow rate caused bw ventilation:
F ross2= £ *0+0.*276*SaRew*P rHeat
HTRACN-HTRACN*Fross2
CONDNM=DMDTR*'t
EVAFMS =-CON DN M
IF (EYAPMSGT.H2OMAS(IYJ)) THEN
CONDNM=-H20MAS (IPJ)

* EVAPMS=-CONDNM
H20MAS(IJ)=0.0
RW( I J)=( (SOLUMA( I J)+INSOLM( I J) )/(FPderis*C5) )**( 1./3.)
DM DTR=CON DNM/ Dt
ELSE
H20MAS( IPJ)=H2OMAS(IPJ)+CONDNM
RW(IJ)=(((SOLUMA(IJ)+INSOLM(IPJ))/F'dens+ H20MAS(IPJ)/Rhol),'C5)

END IF
* TCNMAS=TCNMAS+CONDNM*NW( I J)/Gasdil

THTCON=THTCON+HTRACN*NW( I J)*Dt/Gasdr1
TEVF'EN=TEVPEN-CONEINM*(CPH.LO'*(TW( I J)-Ti )-L+
l(V1,Vl-VXW(IJ)*VXW(IPJ))/2.)*NW(IJ)/Gasdr1I

TEVMOM=TEVMOM+(2 .*VXW(I,j)/Vl,*(EVAF'MS*NWJJ) G a s ilri
DTRDT=(L*DMEgTR-HTRACN)/(C5j*Cpw*R'hol*RW( IJ) IA-3.

* TW(IJ)=TW(IPJ)+DTRDT*EDt
*C IF ('TW(IPJ).LT#Dteffpx-,) TW(I,J)EDteip-

83 CONTINUE
81 CONTINUE
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TT 4 '77 .-- -~* .-- - : -. - -

'WPM 3 is tntL to t I lict L r~E e A~-..

C Now calculate and ccl lct all or tUse ,d e~. 5C veii.rr

L variablest-'orlpt into the Sh3P iro matr:P12
C

C First calculate thle work. doneL o n di73yaSz!I n5~ ln..e te W at1f

SHPULWX=0.*0
O SHPDWX is the total work. done bv the Elas (pa,-r uni t IT1a1s.f s.)

C on the injected wata2r via d r ad for c es dutir ina U.D
DXAKP'M=0.0

D~NI i the total d-.6-i ro a x td LtSsu
*L inijected water d u rns I U- t .

DO 90 J=1920
IF (KWIJ(J).EQO0) G0 TO 90
IF (WMEOT(J).EO,0.0) 0O TO 90
DO 91 1=1,20
IF (NW(IPJ).EQ.O.0) GO TO 91
FORSIJ=DRAGF(RW(IJ),pV,VeW(pJ)Gasdn*'l)
SHPDWX=SHPDLJX+FORSIJ*VXAW( I PJ) *Dt*NJ( I r J) /Gasdril

- . DXAKPM=E'XAKP'M+FORSIJ
* DMASSE=INSOLM(IJ)+SOLUMA(IPJ)+H2OMAS(IvJ)

- - VXW(IJ)=VXIJ(IJ)+FORSIJ*Dt/DMASSE
*91 CONTINUE

90 CONTINUE
DXAPM=XAKM/ Areal *GasdnlKW1 Vl*I/2

EIODWDH=THTCON-SHPE'WX+ ( DNTHL-A+TEVPEN')
C Hex collect Shapiro's momentum terms.

SHPMOM=DXAKPM- (EMOMIA+TEVMOM)
C Sum injected arid evaporated mass.

SHAPDW= (YAP INJ+DME'OTA)/Mdotl+TEVPMS
* C Calculate the change in the densits arid molecular wt.

DRGSIN=DMDOTA*Gasdnl/Mdatl
INDENS=VAPINJ*Gasdnl/Mdotl
EVDENS=TEVPMS*Gasdnl
Gasdri2=Gasdnl+EYDENS+ INDiENS+EiRGS IN
Molwt2=(Gasdnl*Molwtl+EVDENS*18.019+MOWINA)/Gasdrn2
Rhow2=Rhawl1+E VDENS+ INDLENS
Rhoda2=Gasdn2-Rhow2
Mdot2=Mdotl +SHAPDW*Mdoti

* C Now set up the matrix coefficient-, and calcu..late -the trrJeren-
* C ent variables. Calculate deltas of' the independent variablios t~o

*C get to state 2.
*C

CorndwCondw+Tdeltm
Time =Time+11eitim
Delx-.Vl*Deltim
X=X+tielx
IF (X.GT.Xtat) GO TO 100
A rea2=FNAREA (X9*AO ,Rat in
W 2 Rhow 2 /Rhoda 2
U2=W2/ C l*+W2_

9.Gam2=( 1 . +0. 90*,1J2)/ 11 .f-I02"*U2)*,-JtFla
C
C Calculate the independent vpriabLes.

-AC
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C'T

CC 3) ZSHF'MOM
Cc (4)=SHAAPDW

Cc ( 6) z2**(Gfaini 2Ca,1L G a m C 2 + G a~ i
A7=Ms t d 1

1.'7= 1.- + 7
E7=EB7-1.

G--7

B~b 1 2) =F7/LI?
EBb (13)=C7*G7.'D7

*Bb (1,4) =2. *F7*G7/r:,
EBb( 1 5)=-F7/'r)7
EBb(l1 6)=-1.
Bb(2y 1)=-1 ./D7
Bb (2,72) =1 ,/D7
Bb(2,3)=C7/(2.*E,7)
Bb(2p4)=F7/D7
EBb(2p5)=- .107
Bb( 2,6) =0 ,

EBb(3, 1)=E7*A7!(2.'*E07)
Bb (3,2)=H7/'(-,.*117)
Bb( 3,3) =-E7*E7*A7*A,/ (4 * *L7
Bb(3,4)=-E7*A7*F7/'2,*D7)
EBb(3,5)=-H7/(EI7*2.)
Bb(3r6)=O,5
Bb(4, 1)=E7/D7*A7
Bb(4y2)=H7/17
Bb(4p3)=-B7*E7*A7/(24.*I7)
Bb(4p4)=-E7*A7*F7/D7
Eb(4p5)=E7*A7/,7
Bb(4,6)=O.o
Bb(5 1 )=A7/ti7
Bb(5p2)=-1 .107
Bb(5,3)=-C7/('.*D7)
EBb(5r4)=-(B7+1..)*A7/D7

Eb(5p6)=0.0
Bb(6y1)=C7/D7 

-

Bb(692)=-C7/D7
Fb(6,3)=-C7*c 1.+E7*A7)/,(2.*D7)
EBb(6,4)=-2.*C7*G7/:7
EBb(6,5D=C7/D7
EBb(6t6)=0.0
D0 20 1=1,6
Aa ( I) =0 *
DIO 21 J=lvS

21 CONTINUE
* 21 CONTINUE
*C
* C. Calculate the niew valu~es of thp ir-it.iiir - arajyjetprs~ Ct te f
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Mrs-ri2=M.3do1(1.-iAa 13)

T2=1 it (1. *+Ae (4.,
Gasdni-Gasde t KI *+A

P2P1Fl* (1 .+Aa (o)

c Re-initialize witni the newvae.

Ti 1: S 2 ,sP j

G as d no 1 = G a s 'r, 2
M ix 1l=W2
Pl 1=P2
Rhowi =Rhow2
Rhada=Gasdril-Rhowl
El Rngiw*Rh owl *T 1
Rms=Rrma/ 1l.- 1 . -EFP's) ElI/Pi
Cv=(.1.02*U2)*Cva
Cp=(l1.+0.90*U2)*Cr-a
Garl=am2
Areal=Area2
Mdotl=Mdot2
LDO 93 I=1t20
LAPLOT( I)=RA( I)*2.0E6

93 CONTINUE
GO TO 30

100 CONTINUE
IF (KP'LOT.LE.l) GO TO 101
TlMAX=-1 .ES
VlMAX=-l.ES
RHOMAX=-1.E6
TlMIN=l .ES
V1MIN=l.ES
RHOMINl1.ES
['0 350 IflvKPLOT

-p.-.,TlMAX=AMAX(TlMAXPTYYY(I))
TlMIN=AMINl(TlMINPT1YYY(I))
VlMAX=AMAXl(VlMAXPVlYYY(I))
RHOMAX=AMAX1 (RHOMAXPRHYYY(CI))
V1MIN=AMINl(VlMINPV1YYY(I))

* -RHOMIN=AMINl(RHAOMINvRHYYY(I))

*350 CONTINUE
INTlMX=INT(T1MAX+0.5)
ILEL=MOD(INTlMX,5)
Tl1MAX =I NTI1MX +5~- IDEL

* INTlMN=INT(T1MIN4-0.5)
IEIEL=MOI( INT1MNY5)
TI MIN= TIMI N-51-IDLEL
INVlMX=INT CVlMAX+0 .5)
ILIEL:=MOI( INVlMXY')
VlMAX=INVlMX+--IiE.
INVlMN=INr(vlMIN-o.* )
IDEL.MOD(INV1MNP5;
V1MIN=INVlMN-Z+IDEL
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IIRHMX= INT(WfI 0i.'-K,

IEIEL=MOEI(INRHMN,'5)
RHOMIN=INRHMN-5+ rDE1:L
INPLOX=INT (PLTCXX~va ffl
IDEL=MOD( INF'LOX '10)

-: - LOXMX=I1NPLOX +10- 1DEL.
XXSTP'=FLOXMX/10.
V1IS TP=('1 MAX-VtIM I N)/,D

TTP=(T 1.AXr, I:N)/t

CALL EBGNPL C c PLOT+ I)
CALL PAGE (12.Y9.)
CALL NOBREIR
CALL AREA2D(O.P7.5)
CALL XNAME ('DISTANCE FROM ENGINE,Meters)$',100)
CALL '(NAME ('TEMPERATUREr( De~rees Ceritis9rade)$' tiOC)
CALL GRAF (0.0,XXSTPPLOXMXT1MINT1STPjTliMAX)
CALL CURVE (PLTXXXPT1YYYKPLOT, 1)
CALL ENDPL (KPLOT+1)
CALL BGNP'L(KF'LOT+2)
CALL PAGE (12.P9.)
CALL NOBRDR
CALL AREA2E' (10.P-7.5)
CALL '<NAME ( 'DISTANCE FROM EI'GINE (Meters)t$' 100)
CALL '(NAME ('EXHAUIST OAS SFEEDT~(Me-ters/3ee.)$'v100)
CALL GRAF (0 .0,XXSTPPFLOXNX.-V1MIN0!V1STPV1MAX)
CALL CURVE (PLTXXXPV1YYYYKP'LOTt I)
CALL ENDPL (KPLOT+2)

:2CALL BGNPL (KPLOT+3)
CALL PAGE (12.P?.)
CALL NOBROR

-CALL AREA2D) (10.r7.5)
CALL XNAME ('DISTANCE FROM ENGINE(Meters)',100)
CALL '(NAME ('GAS DENSITY(Ks,/Cubic Meter)'9l00)
CALL GRAF (0.0,XXSTFPLOXMXRHOMINROST',RHoMAX)

4CALL CURVE (PLTXXXpRHYYYKPLOTv1)
CALL ENDPL(KPLOT+3)

-. 101 CONTINUE
CALL DONEPL

202 FORMAT(1
STOP
ENED
FUNCTION Esat(T)

C DATA Ts /373.16/
%C DATA D5 /3.0057149/

C D5=ALOG(EWS) r where EW3zIO13.246 millibars.
c IF (T.GT.Ts) GO TO 1
C A=Ts/T
C B=( 1.-i ./A)*11 .344
C C=-3.49149*(A-1.)
C D1=-7.902198*fr--1.)

C D2=5.02606,,ALQGXO(A,

C E4=8.1328E-8*10.**(C--1.-
C Tt=L'1fE'2+D3+D4+E'5
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C E=O1. 4TL
530 ro

1 CONT1NLJE

E='F19 3 4 5,"242 2 -k2,
" CONTINUE

Esat=10.:Ei

END
hy. FUNCTION FNAtE, (• , y1;\t io)

ZZZZ:Z
RATTT=Ratio
FNAREA=AO

.:.:: EN,-

F'UJNCT EON ,'.,AF I' R i - IJU .R140

IRAGF=3.129E-4*R*VR* ( 1 ,+2, '4?F4*R HO*R*VF:)
C 'The drag f orce iS -al:u lIated f' rumT - ir fl .rF Ot ,-iat irl

C (drag force) = 6*PI*Eta*R*V*(1f(3/1.)Re), where Uta i-; tha -Lz,-
C cositvR is the radius of the drop, V is its velocity relativE
C to the air flow; Re is the Reriold's number, defined b4
C Re=2*Rho*V/Eta, where Rho is the densitv of the air.

END
c PROGRAM MIESCAT
c DIMENSION JAY(300),WHY(300),SIGH(300),CJAYPM(300),SIGHF'i(300),
C
C The nomenclature used in the documentation of this Program
C follows that used in *HANDBOOK OF MATHEMATICAL FIJNCTIONS',edited
C b, ABRAMOWITZ and STEGUN, .-ublished bw NATIONAL BUREAU OF STAND-
C ARDS, December,1965.
C

. C JAY(N) are the Spherical Bessel Functions of the first kind,
- C WHY(N) are the Spherical Bessel Functions of the second kind,
,." C SIGH(N) are the Riccati-Bessel Functions (with real ar, ument),

C CJAYPM(N) are the first derivatives of the Spherical Bessel
C Functions of the first kind,
C SIGHPM(N) are the first derivatives of the Riccati-Bessel
C Functions.
C
C lCPI(300) ,CTAU(300) ,CDPI(300)

"-a% C

C CPI(N) are the Nth order Legendre Functions divided bw the
C Sine of the scatterins angle,THETA ,
C CTAU(N) are the first derivatives of the Legendre Fir.ctions
C with respect to the scatterin angle THETA,
C CDPI(N) are the first derivatives of the Legendre Functions
C with respect to the Cosine of the scattering, argle THETA,
C

- c COMPLEX CH1(300),ETA(300),CHIF'RM(300),ETAPRM(300),CSIGHR(300),

C CHI(N) are the Spherical Bessel Functions of the third kind,
C ErA(N) are the complex Riccati-Bessel Functior,s with comple..
C a r9umernts,
U CHIF'RM(N) 3re the first order derivatives of the S-herxicl -p-iseI
C Functions of the third kinrd,
C ETAFRM(N) are the first order deri.vc.tives of the Fcr:,ti-Eessel
C F unct ions,

A --' C C3IGHR(N) are the ratios of SIGHPM(N) to SIGH(N) ftor C,)rIPir

-C aruments.

A- 18
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'CS

CCE 1H i s t h( S 1.iDb t 2i> e ri t I 1r t -tx 111 P L ti ide c.-3 Vt . r r .3 i~T, i
C (see ,A rMOSPHERIC RAE:I l'JI(N "*,vr: I t - b,, R M, GOODEY fto t-h- r F. rI
C tiori anid rnmenclature of the scstterini outi r

-C CS2rH is the S sub 21 element ot the -;cattce rirlA rn;tri::,
C CCEXT is the ex-.tinctio. c ross- sect ion p

CXM is tihe complex- wave nuaj~iber zCEM*I-,UA

c REAL JAY rJAYOpNOA rNKOLAEEl,4vMMMlI.1HM2

iK.OA i ; the 2aeim ' ! ':, I / L.iBiLA
k 0O 1 6 2* FL / LAMEB4D A

C LAMBDA i s the wavele.t inr mete2rs ) of the - inciden~t radi1at iLon,
C MMMl is the real r-art of thei irndex oeT t. eci onv

MMM2 is the irnaginary.- Part of the index of' rerci,
DATA CPi(1) ,CEPI(1) vCEPI(2) /-1.0t,00-3.0/r DATA PIEFSOCSPLGT /3.141592'1/ S.8419413E-12v 3.0OE8

-*c DATA RADIUS9LAMBDA 1 .0OE-61. 4123.OE-10/
c DiArA MMM19MMM2 /1.50 v -0.01/

*- c DiATA THETA / 0.000000/
o DATA RNDERR / l.OOE-8
C K0=2.*PI/LAMBDiA
C K0A=K0*RA'IUS

C! CE M =CIMFLX ( M MM1 r MM M2)
C CXM=KOA*CEM
CTEST 1=CABiS(CXM)

c IF ((O.T05.ID(ET.T05)GO TO 50
o IF (KOA.LE.1.0) GU1 TO 60
o RNDA=-ALOG( 10.**(-RNIERR))
o RNDA323(3.*RNDA)*(2./3.)
o B=*NE323/10.
o NMAX=RNE'323
o IF (KOA.GT.B) NMAX=(RND3 3+(RN1323**2+(2.0*NOA)**2)**(0.5' )/2.
o UNEYNN=NMAX+0.5

- . TANHAL=(l1.-(KOA/UNEVNN)**2)**(0.5)
* o ALPHA=0.5*ALOG( (1.+TANHAL)/(1.+TANHAL))

- .c JAY(NMAX)=EXP(UNEYNN*(TANHAL-ALPHA) )/(2.0*(KOA*TAt4HiALtUNEVNN)
c 1**(0.5))
o KMAX=NMAX-1
o IF (NMAX.GT.299) GO TO 100

C JAY(NMAX+1)=0.0
C SUMJ=(2*NMAX+1l*JAY(NMAX:*JAr(NMAX)
c DO 1 I=1pKMAX
Co 2I2(MXI1+
c JAY(NMAX-I)=N2N*JAY(NMAX-I+)/KOA-JA(NMAX-IT+2.)

SUMJ=SUMJ+JAY(NMAX-I)*JAYK.NMAX--I)*N2N1
*c I CONTINUE

JAY0=2.0*JAY( 1)/t OA-JAY(2)
SUMJ=SIJMJ-*JAYO*JAYO

C SUJMJzSUMJ**(0. 5)
o JAY(i)=JA'0.l)SJMJ

C WHYO=--COS(K0Arf/1v'IA
C WHY( 1 =WI-l0/ROA-S1N(NCA'%

C CH1(1)=CMPLX(JAY(1' ,WHT: 1'
c WHY(2.'=3.*WH(i)/KOAi-WHYC-^
C(OS TH=C06 Cr HETA )

A- 19



S iiJTN;: i -t'L -C USNHI-,USTIi 4 5)y
" IN TH=Si: iJ( THE1>'.'

- CPI(2 --- 3 . KCUS 11:
SINTH2=SENTrH*ST,1TH
CTALJ 0" ) - TSI1

o DO 2 N2NtiAX
W HY (N4+ 1) 2* N+i W WY (N K0JA--WH o - I

o JAY(N)=JAY,'N)/31J
CHI(N =CMPLX( JA"Y N ) dAHY i4)

* c C~~CTAtU(N) =COTH*CFt N) -S I N rli-tfDFI ( N) ((42/7-) ui

* - CHI (NMAX+ . )rM-Z AYNA*1 WHY(1Nmf,%+t
C2 CHECK ACCURACY OF jt.i,&Y S HERE BY JAiY0 AND JAY1
C CEMC'MPLX (ilhM I. Y rmh.2.
c CXM=KOA*CEM

DO11 3 N=1vNMAX
c SIGH(N)=KOA*JAY.'N)
o ETA (N)=KOA*CH 11 N)
C2 C JAYP'M ( N)=N * J A f( N -I Nf1 )J AY(N +1 )/2'k N + 1

CHiPRM(N)=(N*CH1 (N-1-(N+1 CHI.(N+1.' j,'*N+1
o S1GHP*M(N)=JAY(N)*KOAtCJAY(PM(N)
o ETAPRM(N)=CH1 (N)+NOA*CHIF'hM(N)

cCSIGHRtN )=FMCALC(C CMh NRNDERR)+N,/CXMl
. , c 3 CONTINUE

c CS1TH=(0.0p0.0)
c CS2TH=(0.0,0.0,
c CCEXT=(0.0v0.O)

* 2 DO 4 NtlNMAX,
* - .. NFAC2i=2*N+1

c NFAC12=NPAC2!I/(N*(N+i))

c CS2TH=CS2TrH+NFAC 121*(CAM IE (N)CAIJ (N) +CBM IE (N)HCCP I(N))
c CCEXT=CCEXT+(2*N+1l)*(CAMIE(N)+CBMIE(N))

O SCA=OSCA+NFAC21*(CAMIE(N)*CONJG(CAiIE(N4)+
c 1CBMIE(N)*CONJG(CBMIE(N))

c 4 CONTINUE
c CSiTH=CS1TH*ELECO*(0.0,-i.0)

o CS2TH=CS2TH*ELECO*(0.0v-1.0)
c CEXT=(2.*F*I/(KO*KO))*REAL-(CCEXT)

(JOEXT=(2./(KOA*KOA) )*R EAL.(CCEXT)
o SCA=SCA*2a./KOA*KOA))
o ABS=OEXT-QSCA

coPUT IN PRINT STATEMENTS HERE
SG 0TO0200

o 50 CONTINUE
o CMPLF'1=dCEM*CEM-1.),(CEM*CEM+2,)

o CS1TH=KOA**3*CMF*LF1
c CS2TH=CS1T-*COS(THETA)
c REEW.-CAPS 'CrMPLF 1I
c OSCA= 3*/ kO*VEFL*REEL-
o QABS=4.*AIMAG(CMPLF1)
CCC PRINT out RAYLEIGH scatterioa ere

c (30 TO 200
60 CONTINUE

c A=MMMI
c E.--i=MM2**2
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t(.(+),* 4L~--.)'MMMl*MMM2*KOA**3

c -!-:S=QEXT..QSCA
ccc cccc P- TnT OUT HIGHER ORDIER EXPANSION RESULTS HERE
c GO TO 200
c 100 CONTINUE
cecccF'RINT *Nl.WiER OF TERMS PREi'"t' TO CALCULATE THE: MTE (M')~ , 7'- f

0 20 CONTINUE
COMPLEX FUNG U on CLC(Yi4 RiEa

c COMPLEX CIXvPXCNUMC3aO0) CDEN(300) ,Ce-il1.:O) FhCAL-.'('NLIF
c [ * CEIEN(1) / (1.0,0.0)/
c CL=' 1 )/X

00 1O M=1,300
c CAi(M)=-(2*(N+M) .*CIX
I CONTINUE

c CNUM(1)=CAM(1)
c CNUM(2)=CAM(2)+I ./CAM( 1)

c CDEN(2=CAM(2:
Cl FMCALC=CNUM( 1)*CNUM(21)/CDEN(2')
c DO '2 M=3P300

CNUM(L1)=CAi4f(M)+-t./.-NUM(M-1)

CcNUF~CNU(m)/CDEN4(M)

c F.MC: Lr'FMCALC..i" 6UF

r APSF=AF:S(F-1 .0
-2IF tASSF.LT.pY' F::;*R) GO TO 3
c . CO;'TI.NUE

c SRETURN
c


